Folates comprise the essential B9 vitamin that act as cofactors and cosubstrates in one-carbon metabolism for both biosynthesis and methylation of DNA and RNA. Folate deficiency (FD) has been shown to induce chromosomal instability (CIN), yet the underlying mechanisms are poorly understood. Here, we used human NCM460 colon mucosal cells as a model to investigate the effect of FD on spindle assembly checkpoint (SAC), a cell-cycle regulatory pathway preventing CIN during mitosis. Cells were maintained in medium containing 1.36 (FD) and 2260 nM (control, FC) folate for 21 days. CIN was measured by cytokinesis-block micronucleus assay; mitotic infidelity was determined by aberrant mitosis analysis; SAC activity was assessed by nocodazole-challenge assay, and the expression of core SAC genes was examined by real-time quantitative PCR (RT-qPCR). We found that, relative to FC, FD significantly induced CIN in a time-dependent way (P < 0.01). Mitotic cells cultured in FD medium had significant higher frequencies of misalignment, misegregation and spindle multipolarity than those cultured in FC medium (P < 0.01). FD-induced SAC impairment and overriding, resulting premature mitotic exit and cell multinucleation (P < 0.05). Moreover, FD deregulated the expression of several key SAC genes (P < 0.01). Overall, these data are the first to demonstrate that FD substantially compromises SAC network which predisposes cells to mitotic aberrations and CIN. These results establish a new link between folate metabolism and SAC signalling, two pathways that are highly relevant for tumorigenesis.
Introduction
Folate, the generic term for a group of essential B 9 vitamin compounds, is a micronutrient required for normal development, growth, and maintenance of optimal health (1) . Folate metabolism participates an important function in DNA synthesis, stability and integrity, and repair in its role in mediating the transfer of one-carbon units involved in de novo purine and thymidylate synthesis. Furthermore, folate mediates the transfer of one-carbon group involves in remethylation of homocysteine to methionine, thereby ensuring the provision of S-adenosylmethionine, the primary methyl group donor for most biological methylation reactions, including that of DNA ( Figure 1 ).
Folate status can be determined by serum or red blood cell (RBC) folate concentrations. The geometric mean of serum and RBC folate concentrations in the US population aged ≥4 years is 30.6 nM and 634.5 nM, respectively (2) . Dietary components serve as the most, if not all, sources of folate to meet human daily needs (e.g. the microflora of the hindgut can synthesize folate). The WHO reference daily intake for folate is 400 µg for adults (2) . A wide variety of foods of both plant and animal origin, such as liver, fruits and green leafy vegetables are rich sources of folate in human diets. While natural folates in foods are primarily tetrahydrofolates, folic acid is the form primarily used for supplementation and food fortification. However, folic acid has no biological activity unless converted into tetrahydrofolates ( Figure 1 ).
Folate deficiency (FD), which is defined by the serum folate <10 nM and RBC folate <340 nM (2) , can directly result from inadequate dietary intake. FD is one of the most widespread micronutrient deficiencies in many developed and developing countries. In China, for instance, ~20% of the population is considered to be FD (3) . Besides inadequate intake, other factors including impaired intestinal absorption (e.g. celiac disease) or interference environmental factors (e.g. chronic alcoholism and tobacco smoking) are also linked to FD (2) . FD is an important contributor to the susceptibility for anaemia, neural tube defects, adverse pregnancy and birth outcomes, coronary heart disease and stroke, cognitive dysfunction and certain cancers (2) .
Prior to the appearance of overt disease manifestations, a cellularlevel deleterious effect associated with FD is chromosomal instability (CIN). CIN is a form of genome instability characterized by the increased rate at which whole chromosomes or large chromosomal fragments are gained or lost in a population of cells. We have previously shown that FD induces aneuploidy of chromosome 8, 17 and 21 (4, 5) , as well as micronucleus (MN), nucleoplasmic bridge (NPB) and nuclear bud (NB) (4, 5) , three indicative endpoints of structural and numerical CIN used in cytokinesis-block micronucleus (CBMN) assay (6) . These associations have been confirmed by several epidemiological (7, 8) and controlled intervention (both in vitro (9) (10) (11) (12) (13) and in vivo (14) (15) (16) ) studies. Moreover, recent evidence reveal that FD exacerbates the genotoxicity of heavy metals (17) . All these findings support the idea that folate is required for cells to maintain chromosomal integrity.
In spite of decades of experimental efforts in evaluating the relationship between FD and CIN, our understanding of the mechanisms by which FD driving CIN is minimal. Previous data and analysis indicate that uracil misincorporation is a likely mechanism, because the DNA repair process promotes chromosome breaks through the excision of closely spaced uracil residues on opposing strands (18) . These breaks can result in the formation of chromosomal abnormalities and the broken chromosomes will be encapsulated into a separate MN. However, it has been estimated that only 37.6% of the MN induced by FD is centromere-negative (9) , suggesting that only a small proportion of MN originates from broken chromosomes. Thus, uracil misincorporation may not explain FD-associated aneuploidy and is therefore likely not the only cellular change driving CIN. This notion underscores the need for a deeper understanding of the mechanisms contributes to FD-associated CIN.
The spindle assembly checkpoint (SAC, also referred to as mitotic checkpoint) is a major cell-cycle regulatory pathway which monitors the chromosome segregation during mitosis (19) . SAC regulates the proper attachment of microtubules to kinetochores and the tension between the kinetochores of sister chromatids, and acts to block progression to anaphase by inhibiting the activity of anaphase-promoting complex/cyclosome (APC/C) before each and every chromosome is correctly attached to the spindle and under bipolar tension. Thus, SAC is a molecular safeguard mechanism that preserves the genome from structural and numerical CIN and protects cells from the direct consequences of CIN such as carcinogenesis (19) . In agreement with this, SAC deregulation is found in the vast majority of human cancers where its presence correlates with CIN and poor prognosis (20) (21) (22) (23) (24) (25) (26) .
Our observations of CIN in FD-conditioned cells, together with the known function of SAC in preventing CIN, promoted us to ask whether FD may impair the function of SAC. Here, we present evidence, for the first time, that FD induces SAC dysfunction through deregulating the expression of several SAC genes, which contributes to mitotic aberrations and CIN. This novel perspective extends our understanding of the mechanistic links between FD and the associated pathologies, particularly the carcinogenesis. Graphical representation of the main aspects of one-carbon metabolism centered around the folate and methionine cycles. Dietary folate is necessary for de novo synthesis of dTMP and SAM, which are necessary for DNA synthesis and intracellular methylation reactions, respectively. Abbreviations: BHMT, Betaine:Homocysteine methyltransferase; DHF, dihydrofolate; DHFR, dihydrofolate reductase; DNMT, DNA methylatransferase; dTMP, deoxythymidine monophosphate; dTTP, deoxythymidine triphosphate; dUMP, deoxyuridine monophosphate; Hcy, homocysteine; MAT, methionine adenyltransferase; Met, methionine; MS, methionine synthase; MTHFD1, 5,10-Methylene-tetrahydrofolate dehydrogenase 1; MTHFR, 5,10-methylene-tetrahydrofolate reductase; SAH, S-adenosylhomocysteine; SAHH, S-adenylhomocysteine hydrolase; SAM, S-adenosylmethionine; SHMT, serine hydroxymethyltransferase; THF, tetrahydrofolate; TS, thymidylate synthase.
Materials and Methods
Cell line and cell culture NCM460, a cell line derived from human normal colon mucosal epithelial, was obtained from INCELL (San Antonio, TX, USA) and maintained as a monolayer in 75 cm 2 flasks (Corning, NY, USA) in standard RPMI 1640 medium (Gibco, NY, USA) supplemented with 10% fetal bovine serum (FBS, Gibco), 0.1% penicillin (5000 IU/ml)/ streptomycin (5 mg/ml) solution (Gibco), 1% l-glutamine (2 mM) (Sigma). Cells were kept at 37°C in a 5% CO 2 environment.
Folate intervention
To deplete folate, cells were cultured in folate-free RPMI 1640 media (Gibco). When folate had to be present, folate (Pteroylglutamic acid; Sigma-Aldrich, St. Louis, MO, USA) was added to this media to the final concentration of 2260 nM (folate control, FC). Each batch of medium was stored at −20°C and thawed at 4°C before use. Immediately before use, the following were added to medium to give final dilutions (v/v): 10% FBS, 0.1% penicillin/streptomycin and l-glutamine (1%). To achieve a steady-state condition, a 3-week exposure time was used.
In some studies regarding the outcomes of FD, FBS was replaced with dialyzed FBS to minimize exogenous folate sources. However, we observed that cells deprived of folate cease to proliferate and a complete removal of folate leads to massive apoptosis and necrosis in short term. We therefore used non-dialysed FBS in conjunction with folate-free medium in our experiments. The FD medium therefore contained only folate present in FBS, which provided a final concentration of 1.36 nM (0.6 ng/ml) in FD medium. This level of folate in medium has previously been shown to physiologically sufficient to ensure cell proliferation (27) . The folate concentration in culture medium was determined by corpuscle immune chemiluminescence assay (ACCESS2 Immunoassay System; Beckman Coulter, Fullerton, CA, USA), according to the manufacturers' protocols.
Cell proliferation assay
NCM460 cells were transferred into pre-warmed FD and FC complete medium before experiments. All cultures were maintained for 21 days as 20 ml duplicates in 25-cm 2 culture flasks. Culture medium was changed every 3.5 days. Total cell counts using a Coulter Counter (Beckman Coulter, Fullerton, CA) and viability estimates using trypan blue exclusion were performed twice per week to establish and maintain a seeding density of 1 × 10 5 viable cells/ml fresh medium. Estimated growth over the complete culture period in each condition was calculated serially by counting the numbers of viable cells in the culture at each time of harvesting and extrapolating to numbers that would have been expected if all cells had been reseeded.
Cell attachment assay
NCM460 cells were cultured in FD RPMI-1640 medium for 72 hours to deplete intracellular folate before using them for cell attachment assay. After this, cells were released from nearly confluent cultures with trypsin, washed twice with PBS, and plated at a density of 5 × 10 3 cell in to a 48-well plate (Costar, Cambridge, MA, USA). Cells were incubated with FC or FD RPMI-1640 medium for 0.5, 1, 2 and 4 hours without disturbance. At the end of each incubation, non-bound cells were washed away, and attached cells were fixed with 100% cold methanol, stained with 10% Giemsa (San'ersi, Shanghai, China) and counted under an inverted microscope. Assays were performed in triplicate and results were obtained in 3 independent experiments.
Clonogenic survival assay NCM460 cells were seeded 1000 cells/well in six-well plates (Costar) in duplicate with under the conditions of FD and FC. After 14 days of incubation without disturbance, colonies were fixed with cold ethanol, stained with 10% Giemsa and counted (only aggregates of >30 cells were scored as colonies). We set survive in FC medium as 100% of survive and calculated the relative survive in FD media.
CBMN assay
CIN in NCM460 cells from specified folate conditions was measured using the CBMN assay (6, 28) . Experimental design for CBMN assay was described in detail previously (13) . At each sampling time (days 7, 14 and 21), duplicate 400 µl subcultures were established in a 24-well plate (Costar) from the main cultures, at a concentration of 1 × 10 5 cells/ml. Following a 2-hour incubation period, cytochalasin B (1.5 µg/ml; Sigma) was added to block cytokinesis and rinsed with PBS after a further 24 hours. Cells were centrifuged onto glass slides using a cyto-centrifuge for 5 minutes at 800 rpm (100 g). The final cell density per slide was kept between 0.5 × 10 5 and 1 × 10 5 cells. After drying briefly in air, slides were fixed in 100% cold methanol at −20°C for 15 minutes and stained with 10% Giemsa. The slides were washed twice in ddH 2 O, then allowed to air dry and cover slip. Stained slides were encoded to ensure a blind microscopic analysis, and such a code was removed until the whole microscopic analysis was finished. All biomarkers of CBMN assay were scored under 1000 × magnification with optical microscope (Olympus, Tokyo, Japan) using previously described criteria (6) . Thousand binucleated cells (BNCs) were scored per replicate and at least three independent experiments on triplicate plates were carried out.
Mitotic index and cell death analysis
After treatment, the cells, including both rounded-up and attached cells, were harvested by trypsinization. Cell suspension was centrifuged to slides, fixed and stained as mentioned above. The mitotic cells which possessed condensed chromosomes were microscopically distinguished from the interphase cells which contained an interphase nucleus. The analysis of cell death (apoptosis and necrosis) was performed on the same slides. As defined previously (6), cells with chromatin condensation and intact cytoplasmic and nuclear boundaries as well as cells exhibiting nuclear fragmentation into smaller bodies within an intact cytoplasmic membrane were classified as apoptotic, while cells with cytoplasm loss, swelled nuclear and damaged nuclear membrane with only a partially intact nuclear structure and often with nuclear material leaking from the nuclear boundary were necrotic. In each culture, a total of at least of 200 cells were scored.
Mitotic aberrations assay
As described previously (29) (30) (31) , chromosome misalignment (CMA) was defined as one or a few chromosomes scattered apart from the metaphase plate in the cytoplasm, lagging chromosome (LC) as one or a few chromosomes lagged behind at the spindle equator while all other chromosomes moved toward the spindle poles during anatelophase; chromatin bridge (CB) as one or a few DNA fibers with the thickness of an entire arm connecting both anaphase chromosome packs during ana-telophase. Polar chromosome (PC) as one or a few chromosomes remained near one of the spindle poles in ana-telophase. For analysis, CMA was assessed based on its incidence with 'mild' referring to only one misaligned chromosome in a metaphase plate, 'moderate' between 2 and 5, and 'severe' greater than 5; LC was assessed based on its incidence with 'mild' referring to only one chromosome lagging during ana-telophase, 'moderate' 2 and 'severe' greater than 3. Spindle multipolarity was analyzed at metaphase and ana-telophase. Metaphase multipolarity, or multipolar alignment (MPA), was scored when the metaphase plate exhibited either L-shaped, Y-shaped or cross-shaped alignment phenotype. Ana-telophase multipolarity, or multipolar segregation (MPS), was scored when chromosomes pulled towards three or more poles. A total of at least 100 metaphase cells and 50 ana-telophases were counted in each folate concentration per experiment.
Assessing SAC activity
Cells after intervened with FD and FC conditions for 21 days were incubated with nocodazole (NOC, 100 ng/ml) for 24 hours. Then both rounded-up and attached cells were harvested and stained and the mitotic index was determined as described above. In addition, we performed a dose-response proliferation curve with NOC. Cells under different folate condition interventions were treated with increasing concentration of NOC (0, 50, 100, 200, 400 and 800 ng/ ml) for 24 hours. Changes in proliferation were set relative to the values in cells treated without NOC.
Real-time quantitative PCR
Total RNA was prepared with high pure RNA isolation kit (Roche diagnostics, IN, USA), which was utilized to synthesize cDNA with PrimeScript RT reagent Kit with gDNA eraser (Takara, Japan) according to the manufacturer's protocol. RT-qPCR was performed in triplicates using the Kapa SYBR fast qPCR kit (KAPA Biosystems, MA, USA) and Applied Biosystems StepOne Plus RT-qPCR system (ABI, CA, USA). The expression of 13 SAC genes, including APC, Aurora A, Aurora B, Aurora C, Bub1, Bub3, BubR1, CENP-E, Mad1, Mad2, Mps1, Plk1 and Plk4 were analyzed. The primer sequences for the tested genes were previously described (29, 30) . The samples were heated at 95°C for 3 min followed by 40 cycles at 95°C for 3 s and 60°C for 30 s. Expression of these genes was normalised to the expression of GAPDH in each sample and fold change was calculated using the 2 -ΔΔCt method. ΔΔCt = ΔCt test group − ΔCt control group . ΔCt = Ct target gene − Ct GAPDH .
Statistical analysis
Normal distribution within the data set was tested by the Kolmogorov-Smirnov test. Independent samples t-test was conducted to assess differences between FD and FC. Multiple group comparisons were performed with one-way analysis of variance followed by Tukey's post-hoc test or Dunnett's T3 test if the assumptions of normality or homogeneity of variance were not met. To examine possible time-dependent relationships between endpoints and folate intervention, a two-way Jonckheere-Terpstra test was used. We considered as being significant only differences having a P value (two-tailed) lower than 0.05. All statistical analyses were performed using SPSS 17.0 for windows (SPSS, Chicago, IL, USA) and all data are presented as means ± standard error of mean of at least three independent experimental units.
Results
Testing our hypothesis that FD may compromise SAC requires an experimental system in which SAC can be manipulated and the effect on SAC function measured. Human primary lymphocytes or lymphoblastoid cell line are mostly used to investigate the detrimental effect of FD on genome integrity because they provide the opportunity for a harmonised approach for both in vitro and ex vivo studies, which is important for modelling and predicting in vivo effects in humans. The suspension nature of lymphocytes, however, makes them not suitable for analyzing the effect of FD on SAC function because it's impossible to selectively collect NOC-arrested mitotic cells. We therefore used the adherent cell culture NCM460 as an appropriate experimental mode in the present study.
NCM460 was selected not only due to its adherent property, but also for several other reasons: (i) colonic mucosa is the primary target tissue for folate absorption and is particularly susceptible to FD and its consequences, including colorectal carcinogenesis (32); (ii) NCM460 has been used previously to examine how folate is absorbed and metabolized (33) and to evaluate the molecular responses to FD (34, 35) in normal human colon cells; (iii) NCM460 has been estimated as a sensitive in vitro model for CBMN assay and the analysis of mitotic errors and SAC dysfunction (29) (30) (31) ; and (iv) NCM460 harbours mutations in p53 (35) . Like the human WIL-2S (human B-lymphoblastoid) cell line (11, 17) , the p53-mutant status of NCM460 cells allows the observation of substantial CIN events without excessive cell death through apoptosis. Indeed, we observed that FD induced a much higher frequency of apoptosis while a lower CIN in p53-proficient human normal colon cell line CCD-841-CoN than those in NCM460 cells (unpublished data).
The reasons for choosing the FC concentration should also be emphasised here. As aforementioned, the physiologically normal folate level is ~30.6 nM in plasma and ~634.5 nM in RBC (2) . However, the FC concentration of in vitro studies is typically kept the same as that in the standard culture medium (11, 12, 27, 35) . This is because the in vitro cultured cells need a much higher folate level to maintain a normal status as compared with their in vivo counterparts. For example, the frequencies of MN, NPB and NB in ex vivo human lymphocytes (36) and in vitro WIL-2S cell line (11) are significantly increased under physiologically relevant folate concentrations (≤30 nM) and can be minimized by 120 nM and 3000 nM folate, respectively. In line with these findings, we found the CIN level in NCM460 cells could be minimised by 2260 nM folate (data not shown). As such 2260 nM, the status of folate found in regular RPMI 1640 medium, was selected as the concentration of FC.
FD culture led to the impaired proliferation and colony formation
We began our investigations by analyzing the effects of FD on cell proliferation. For this purpose, NCM460 cells were grown for 21 days in a FD or FC medium. The results of proliferation kinetics showed that FD significantly delayed the growth of NCM460 cells (Figure 2A and B) . Viable cell numbers increased over the full 21 days in FC cultures, whereas cell growth increased in FD cultures to day 7, remained stable from days 7 to 21 (Figure 2A) . Over the time course of FD intervention, NCM460 cells underwent distinct and progressive morphological changes, consisting of initial cell rounding indicative of cells under stress, and by 21 days, appearance of more easily visualized and flattened cells ( Figure 2B ). The decline of viable cells in FD condition was due to the significant increases of apoptotic (FD: 8.24%; FC: 2.50%, P < 0.001) and necrotic cell death (FD: 2.33%; FC: 0.73%, P < 0.001; Figure 2C ) as well as the decrease of mitotic index (FD: 3.24%; FC: 5.88%, P < 0.001; Figure 2D ). Moreover, we investigated the impact of FD on cell attachment because the degree of cell attachment can fundamentally influence cell viability and proliferation rate. The results ( Figure 2E ) clearly showed that the kinetics of attachment was similar in FC and FD cells (80% attached within 4 hours of post-seeding), suggesting that the reduction in cell viability and proliferation was not due to the lack of attachment at the initiation of FD intervention.
Next, we used clonogenic survival assay to document cellular sensitivity to specified amounts of folate. This assay essentially tests a single-cell's ability to undergo sufficient proliferation so as to form a colony. Moreover, it detects all cells that have retained the capacity for producing a large number of progeny after treatments that can cause cell reproductive death as a result of damage to chromosomes (37) . The results showed that FD-conditioned cells produced 45.5% fewer colonies compared to those of FC-conditioned cells (P < 0.001; Figure 2F) . Similarly, the size of survived clones under FD condition was significantly smaller (P < 0.001) than this under FC condition ( Figure 2G ). The mean cell numbers per clone in FD and FC conditions was 55 and140, respectively.
Together, these different approaches provided consistent data that demonstrated that FD induced a lower proliferation rate and colony-formation capacity. This impairment probably was a consequence of increased cell death and inhibited mitosis.
The extent and variability of CIN was exacerbated by the duration of FD condition
The frequencies of BNCs displaying one or more of the CIN biomarkers scored using the CBMN assay standard criteria increased significantly with decreasing folate concentration in medium and duration of folate intervention ( Figure 3 and Table 1 ). Compared to FC, FD could significantly increase the frequencies of MN ( Figure 3A) , NPB ( Figure 3B ), NB ( Figure 3C ), MN + NPB (simultaneous exhibiting MN and NPB; Figure 3D ) and MN + NB (simultaneous exhibiting MN and NB; Figure 3E ). The investigation of cells intervened with FD at day 7, 14 and 21 showed a regular increase in the rate of MN, NPB, NB, MN + NPB and MN + NB (All P < 0.01; JonckheereTerpstra test; Table 1 ), suggesting that FD-induced CIN in a timedependent way. Moreover, the frequency of MN, NPB, NB, MN + NPB and MN + NB was highly variable in FD-conditioned cells, and the variability in the earlier intervention was smaller than it would be in later intervention (Figure 3) .
It seems that MN was the CIN biomarker most sensitive to FD, as its occurrence reached statistically significant (P < 0.001) as little as 7 day of FD intervention when compared with the FC culture ( Figure 3A) . Moreover, MN + NPB was the CIN biomarker most substantially induced by FD: although the frequency of MN + NPB in FD-conditioned cells was indistinguishable from FC-conditioned cells at 7 days, its frequency was 4.48-fold higher after a 21-day intervention with FD (3.01‰) relative to that with FC (0.67‰, P < 0.001; Table 1) .
Together, these data demonstrated that the extent and variability of FD-induced CIN could be exacerbated by the duration of FD intervention.
Enhanced mitotic aberrations in FD-intervened cells
To define the mechanisms behind FD-induced CIN, we investigated its effects on mitotic fidelity. According to the CIN results ( Figure  3 and Table 1 ), we selected 21 d for aberrant mitosis assay because it induced most predominate CIN. Overall, aberrant mitosis assay revealed that the frequency of mitotic errors was relatively uniform in FC-conditioned cells but far more variable with increased mitotic errors in FD-conditioned cells (Figure 4) . Whereas the frequency of CMA was 9.52% in FC-intervened cells, this percentage increased to 21.16% in FD-intervened cells (P < 0.001; Figure 4A ). FD was found to dramatically increase the proportion of severely misaligned metaphase as compared to this of FC (25.46% vs. 13.36%, P < 0.001; Figure 4B) .
Similarly, the frequency of LC was 2.26-fold higher in cells intervened with FD (13.56%) when compared to those intervened with FC (6.00%, P < 0.001; Figure 4C ). FD led to a significant increase in the percent of severe LC (23.46% vs. 8.96%, P < 0.001) associated with decreased percent of moderate LC (17.49% vs. 29.10%, P < 0.05; Figure 4D ). By comparison with FC culture cells (9.93%), the frequency of CB was increased by 1.9 times in FD-cultured cells (18.89%; P < 0.001; Figure 4E ). We observed 1.78% of cells in FD culture displayed PC, whereas such cells were hardly seen in FC culture (0.26%, P < 0.001; Figure 4F ).
Moreover, we investigated the effect of FD on spindle polarity. Strikingly, whereas spindles maintained a bipolar shape in FC, they yielded multiple poles in FD ( Figure 4G and 4H) . The frequency of MPA in FD-conditioned metaphases (14.44%) remained 2.36 times higher than that of FC (6.12%; P < 0.001). Similarly, the frequency of MPS in FD-conditioned ana-telophases (16.32%) remained 2.37 times higher than that of FC (6.88%; P < 0.001).
Altogether, these results demonstrated that the mitotic aberrations could be induced by FD, and these aberrations were likely the causes for the consequent CIN.
The function of SAC was impaired under FD condition
Next, we sought to define the underlying mechanism(s) through which FD-induced mitotic aberrations. We found that several changes in cell cycle progression were observed in FD-intervened cells. There was a large increase in the proportion of prometaphase/ metaphase cells and decrease in the proportion of anaphase/telophase cells in FD-intervened cells (P < 0.01; Figure 5A ). In addition, the anaphase-to-metaphase ratio was significantly decreased after FD intervention (P < 0.05; Figure 5B ), suggesting cells under FD condition could exit from mitotic stage prematurely.
These observations were highly evocative of the SAC activity of FD-conditioned cells was impaired. In an effort to better understand it, the status of SAC was determined by NOC-challenge assay. NOC is a spindle poison which activates SAC by precluding both attachment and tension on kinetochores. The results showed that, when compared to cells treated without NOC, NOC caused a 5.78-fold increase in mitotic index in FC culture, whereas only a 4.72-fold increase was found in FD culture ( Figure 5C ). These results indicated that, under FD condition, the SAC activity was impaired and overridden upon long-term arrest. To address this question, we performed a dose-response proliferation curve with NOC ( Figure 5E ). When cultured in the presence of 50-200 ng/ml NOC, the proliferation of FC cells were modestly decreased (~20-60%), whereas the proliferation of FD cells dropped down less (0-18%; P < 0.05; Figure 5D ).
SAC overriding normally results in multinucleation after mitotic exit (38) . Indeed, FD intervention was found to significantly increase cells with 2 (P < 0.001) and 3 nuclei (P < 0.01) by 7.09 and 21.46 times, respectively ( Figure 5E ). Unable to sustain SAC in the presence of microtubule-disrupting drugs is expected to lead to MN, which is indicative of mitotic slippage after chronic SAC dysfunction. The results revealed that under the condition of FD, NOC induced significantly higher (all P < 0.01) frequencies of MN ( Figure 5F ), NPB ( Figure 5G ) and NB ( Figure 5H ) at a dose (10 ng/ml) that had little effect under FC condition.
Together, these data provided compelling evidence that FD impaired the SAC functionality, which was likely the cause of high mitotic aberrations.
FD deregulated the expression of core SAC genes
The results gathered so far showed that FD induces CIN and mitotic aberrations through impairing the function of SAC. Next, we attempted to link the observed SAC dysfunction with an alteration in the expression level of genes involved in the control of SAC pathway. We examined the mRNA expression of several SAC genes using RT-qPCR. In total, the expression of 13 tested SAC genes was significantly deregulated (P < 0.05; Table 2 ). Most of the gene expression signatures showed upregulation in FD-conditioned cells. For example, the expression of Aurora-B and BubR1 was increased more than 2-fold (P < 0.001; Table 2 ). In contrast, some SAC genes, including APC, Aurora-C and Mad1 showed reduced expression in FD-conditioned cells (P < 0.01; Table 2 ). Besides, FD induced a 2.66-fold increase in the expression of hTERT, a gene encode the catalytic submit of the telomerase that is essential for telomere maintenance.
Together, these results demonstrated that FD could systematically alter SAC signalling pathway to impair the function of SAC.
Discussion
Folate is an essential B vitamin involved in several major metabolic processes. Mounting evidence from epidemiological (7, 8) and controlled intervention (both in vitro (4, 5, (9) (10) (11) (12) (13) 39, 40) and in vivo (14) (15) (16) ) studies provide strong evidence regarding the association between FD and CIN. The genotoxic consequence of FD is thought to be a risk factor of cancer susceptibility and other folate-dependent pathologies (2) . However, the mechanisms by which low folate status raising CIN have not been unequivocally established. Our understanding of the molecular mechanisms behind FD-induced CIN is largely based on the uracil misincorporation model (18) . In the present study, we examine the effect of FD on the chromosomal integrity and the underlying mechanisms in epithelial cells derived from colonic mucosa, the primary target tissue for folate absorption. Our results demonstrate that FD promotes CIN via impairing the mitotic fidelity through dysfunction of SAC pathway. This study thus uncovers the vital roles of folate in SAC maintenance and reinforces the notion that CIN induced by FD is multifactorial.
SAC is a major cell-cycle regulatory pathway which monitors the chromosome segregation during mitosis. During prometaphase, the unattached kinetochores catalyze the formation of the mitotic checkpoint complex composed of BubR1, Bub3, Mad2 and Cdc20, leading to the inhibition of APC/C and anaphase onset (19) . Several SAC proteins, including BubR1, Mad2, CENP-E and APC are then localized to kinetochores to facilitate, correct and stabilize the kinetochore-microtubule attachment (41) (42) (43) . Both downexpression and overexpression of genes encoding these proteins compromise this process and lead to CMA (19) . Under FD condition, we found that CMA was significantly increased. We think that FD-induced CMA is most likely results from the overexpression of BubR1, Mad2 and CENP-E and the downexpression of APC.
An important implication from our findings is that the function integrity of SAC is compromised by FD, leading to the premature anaphase onset of misaligned metaphase. We speculate that SAC in FD cells tend to be overridden, probably due to the overexpression of some SAC genes. For example, overexpression of Aurora-A has been reported to promote inappropriate anaphase entry despite defective chromosome congression (38) . Likewise, overexpression of Mps1 attenuates the SAC and results in chromosome missegregation (22) . Besides, overexpression of Mad2 has found to induce LC and CB, although its effect on SAC function remains unexplored (23) . In addition, the high frequency of missegregation in anaphase cells from FD culture indicated that incorrect kinetochore-microtubule attachment occurred during metaphase, such as merotelic and syntelic attachments. Merotelic and syntelic attachments represent a particular threat for dividing cells as they cannot be detected by the SAC and if remain unresolved, can give rise to LC, CB and PC in ana-telophase (19) . CB can also be formed as a consequence of chromosome end fusion results from hTERT-overexpression induced telomere loss (11, 44) . These abnormal chromosome segregation events during mitosis can be identified in daughter cells recognised by their binucleated status after cytochalasin B-induced cytokinesis block: LC or PC give rise to MN or NB and CB to NPB. Many epidemiological studies have shown that FD is associated with an increased risk of cancers (2) , indicating that chronic FD will promote normal cells to exhibit some characteristics of cancer cells, both in gene expression patterns and phenotypes. In this study, FD is found to perturb SAC pathway by upregulating the expression of 10 SAC genes. Our results are in line with a recent study (45) demonstrating that Aurora-B, BubR1, Cdc20 and Plk1 showed a Cells from FD and FC conditions were incubated in the presence or absence of NOC (10 ng/ml) for 24 hours and the frequencies of MN, NPB and NB in each group were determined. Results are mean ± SEM. *P < 0.05, **P < 0.01 or ***P < 0.001 vs. FC.
>2-fold significant upregulation in liver of mice fed with choline and FD diet. An accumulating body of clinical evidence demonstrate that high levels of these transcripts are an early event and play key roles in driving cancer initiation and progression. For example, Bub1 is overexpressed in 84%, BubR1 in 68% and Bub3 in 79% of gastric cancers (20) . Mad2 is frequently overexpressed in hepatocellular carcinoma (88%) (26). There is a higher level of Mps1 mRNA in adenocarcinoma tissues than in normal colonic tissues in all examined patients (22) . Eighty-three per cent of ovarian cancer patient samples exhibited Aurora-A overexpression compared with normal ovarian surface epithelium (21) . In non-small cell lung carcinoma patients, Aurora-B is overexpressed selectively in tumour cells (78%) compared with normal epithelium (25) . Elevated expression of Plk1 is observed in 73% of the primary colorectal cancers (24) . Thus, overexpression of these SAC genes may be the molecular mechanism underlies the increased risk of cancers in individuals with a low folate status (2) . Currently, the mechanism by which FD led to increased expression of SAC genes remains unknown, much work is still required to more fully understand the underlying molecular mechanisms. One attractive candidate hypothesis is global genomic DNA hypomethylation induced by FD (11, 32) . The expression of several SAC genes is highly sensitive to the alteration in promoter hypomethylation. It has been reported that levels of BubR1 expression are significantly increased by promoter demethylation (46) . The loss of promoter methylation corresponded to a large increase in Plk1 transcript levels and the low expression of Plk4 can be restored by treatment with DNA hypomethylator 5-aza-2′-deoxycytidine (47) . The findings that mitotic alterations and aneuploidy can be induced by DNA hypomethylator (5-aza-2′-deoxycytidine) (48) and prevented by methyl donor (S-adenosylmethionine) (49) add strengths to our hypothesis. Therefore, an evaluation of the methylation patterns of SAC genes in FD-intervened cells will provide insights into FD-induced SAC gene deregulation and SAC dysfunction.
One particularly striking phenotype associate with FD is a profound, over 7-fold increase of abnormal interphase cells with binucleated morphology. How these BNCs are generated is currently unclear. We expect that the occurrence of BNCs in FD condition can be, at least in part, attributed to the indirect consequence of SAC impairment.
Prolonged metaphase arrest and SAC overriding due to Aurora-A, Aurora-B and Plk1 overexpression cause some cells failure to complete subsequent cytokinesis, resulting in BNCs (38, 50, 51) . In addition, progressive telomere dysfunction due to hTERT overexpression mediates the formation of CB, which leads to binucleation by inducing the regression of cleavage furrow (44) . However, we cannot exclude the possibility that BNCs arose from cytokinesis failure. This novel and fascinating link between FD and binucleation raises one important question: whether FD directly interferes the cytokinesis signalling.
BNCs are frequently found in pre-neoplastic lesions and have a causative role in cancer (52) . BNCs have been suggested as a genetically unstable intermediate since the inherited extra centrosomes potentially lead them to chaotic multipolar mitosis, in which SAC is circumvented and sister chromatids are frequently missegregated between daughter cells (53) . This appears to explain the marked elevation of MPA and MPS in FD-intervened cells. Based on these results, there is a distinct possibility that although FD-induced CIN cells may be sufficient to induce cell cycle arrest and cell death, some CIN cells might adapt to growth in FD condition through SAC overriding, cytokinesis failure and spindle multipolarity. Future studies using the long-term time-lapse imaging to monitor the division process of FD-conditioned cells, on the basis of H2B-GFP labels, will provide insight into this possibility. In addition, this will help identify the mechanistic basis for the FD-associated carcinogenesis.
Obviously, spindle multipolarity in FD-conditioned cells may also result from de nove centrosome amplification since the same machinery that regualtes SAC function also regualtes centrosome homostasis. For example, Plk4 is a master regulator of centrosomes reproduction during S phase, its overexpression causes centriole overduplication and multipolar spindles (54) . Besides, overexpression of Mps1 significantly increases the fraction of cells with ≥3 centrosomes (55), and high Aurora-A expression is strongly associated with supernumerary centrosome (21) . The association between FD and spindle multipolarity has a novel implication with regard to the potential role of folate in maintaining centrosome homostasis.
These results establish a paradigm of the role of folate in SAC maintenance. Similar to folate, CIN is also associated with the imbalanced intakes of many other micronutrients, such as low intake of vitamin E, calcium, nicotinic acid, retinol, β-carotene and high intake of pantothenic acid, biotin and riboflavin (8) . Our data provide new avenues for determining the molecular mechanisms between micronutrients imbalance and the path to CIN. Future research in this area will help us to understand the role of these micronutrients in SAC maintenance.
In conclusion, our results highlight a novel mechanism by which FD induces CIN ( Figure 6 ). These findings establish a previously unknown cross talk between folate and SAC and indicate that SAC dysfunction is a quantitative trait serving as a molecular mechanism linking FD and CIN. Moreover, our results reveal that NCM460 is an effective model to detect SAC dysfunction induced by FD. Although this study is performed in a cell culture model system, it informs the design of experiments in in vivo model system. While further work needs to be done to fully establish the precise mechanism at play between FD and SAC dysfunction, we can take advantage of this relationship as a potential way to understand the pathological process of FD-associated diseases, such as cancer. FD-conditioned cells demonstrate a dysregulated expression of APC, Mad2, BubR1 and CENP-E, which is capable of disrupting chromosome alignment at metaphase. Overexpression of Plk1, Mps1, Mad2, Aurora-A and Aurora-B promotes SAC overriding and premature anaphase onset in misaligned metaphase, leading to the formation of LC, CB and PC at anap-telophase and MN, NPB and NB at interphase. Meanwhile, SAC overriding is also associated with cytokinesis failure, leading to the generation of BNCs. Furthermore, overexpression of Plk4, Mps1 and Aurora-A result from FD induces centrosome amplification and spindle multipolarity. Spindle multipolarity may also result from BNCs which successfully enter the next mitosis (dashed line). By inducing SAC circumvention, spindle multipolarity promotes chromosome missegregation at anap-telophase, which enables the generation of MN, NPB and NB at interphase. In this model, all these events probably collaborate in promoting the CIN phenotype in FD-intervened cells.
